Though there are now many hundreds of confirmed exoplanets known, the binarity of exoplanet host stars is not well understood. This is particularly true of host stars which harbor a giant planet in a highly eccentric orbit since these are more likely to have had a dramatic dynamical history which transferred angular momentum to the planet. Here we present observations of four exoplanet host stars which utilize the excellent resolving power of the Differential Speckle Survey Instrument (DSSI) on the Gemini North telescope. Two of the stars are giants and two are dwarfs. Each star is host to a giant planet with an orbital eccentricity > 0.5 and whose radial velocity data contain a trend in the residuals to the Keplerian orbit fit. These observations rule out stellar companions 4-8 magnitudes fainter than the host star at passbands of 692 nm and 880 nm. The resolution and field-of-view of the instrument result in exclusion radii of 0.05-1.4
INTRODUCTION
Of the confirmed exoplanets, over 500 have been discovered using the radial velocity (RV) technique. A particular attribute of the RV systems is that they preferentially are harbored by bright host stars due to the target selection techniques and the signal-to-noise requirements of the surveys. The advantage of this magnitude bias is that it enables further follow-up and characterization studies of both the star and the harbored planets.
It has been well established that stars in the solar neighborhood have a high rate of stellar multiplicity. This nearby multiplicity rate has been primarily determined through spectroscopic means. Abt & Levy (1976) determined that binary and multiple stars systems are more common than single stars, with a vast majority of their stellar sample showing evidence of stellar companions. Their relatively high rate of stellar multiplicity wer revised to a smaller value by Duquennoy & Mayor (1991) in their distance-complete survey of nearby solar-type stars. They found the distribution of solar-type binaries to have a period distribution peak near 10,000 days (30 years which corresponds to about 10 AU). A more recent multiplicity survey by Raghavan et al. (2010) found a similar rate of stellar companions to solar-type stars as found by Duquennoy & Mayor (1991) .
Planets have been shown to be common from a variety of sources, such as microlensing experiments (Cassan et al. 2012) and Kepler transiting planets (Dressing & Charbonneau 2013) . However, relatively few of the known exoplanet host stars have detected stellar companions and studies have indeed found the multiplicity rate to be lower than the general stellar population (Roell et al. 2012) . Clearly there is an inconsistency between the rate of stellar multiplicity of exoplanet host stars and the general stellar population, as discussed above. The presence of stellar companions can have significant implications for planet formation scenarios and the subsequent properties of the systems, such as the period-mass (Zucker & Mazeh 2002) and period-eccentricity (Eggenberger et al. 2004 ) distributions. Thus it is of vital importance to clearly establish the true rate of stellar multiplicity amongst exoplanet host stars.
There have been several previous studies that have conducted searches for stellar companions. Bergfors et al. (2013) used lucky imaging to conduct such a search around relatively faint transiting planet host stars. The resolution of their observations allowed the detection of companion 4 magnitudes fainter at 0.5 ′′ separation. Eggenberger et al. (2007) conducted a survey of southern exoplanet host stars using VLT/NACO and were able to detect a handful of previously unknown companions to some of the exoplanet host stars. Attempts are also underway to detect stellar companions to exoplanet host stars that exhibit a linear trend in the RV data (Crepp et al. 2012 (Crepp et al. , 2013 .
Here we present the results of high-resolution imaging of four exoplanet host stars with known RV linear trends in the residuals in order to detect or constrain the presence of stellar companions. We also present new Keck/HIRES RV data for HD 4203 which confirms a second planet in that system. Imaging observations were carried out using the Differential Speckle Survey Instrument (DSSI) on Gemini-North, a system which has already been successfully used to observe much fainter stars in the Kepler and CoRoT fields (Horch et al. 2012) . Each of the four target systems in this study harbor a giant planet in an eccentric orbit whose eccentricity may in part be explained by the perturbing influence of the third body. Two of the stars are giants and two are dwarfs. In Section 2 we describe in detail the science motivation behind the selection of the four targets and their relevant properties. In Section 3 we present new RV data which confirms that the linear trend for HD 4203 is due to an additional planet in that system. Section 4 outlines the DSSI observations and data reduction processes. In Section 5 we present the results of the imaging data and subsequent constraints on companions in terms of ∆ magnitude and angular separation. We map these results in Section 6 to constraints on companions in terms of stellar mass and physical separation. Section 7 briefly describes stellar abundances for the targets in the context of stellar companions and exoplanet orbital eccentricity. Finally, we provide concluding remarks in Section 8, commenting on the implications for limits on stellar and planetary companions in these system.
TARGET SELECTION
Our observations were scheduled to occur during the 2013B semester on Gemini North, during which the DSSI instrument (described in Section 4) was deployed as a visiting instrument. We thus selected targets within a Right Ascension range of 15h < RA < 03h and a Declination range of −10
• < Dec < +70
• . The targets in our list have all been the subject of radial velocity studies from which their known planetary companions were detected. We elected to focus our observations on bright stars (V < 12) with at least one planet in a highly eccentric (e > 0.5) orbit. Furthermore, we required that there be no known binary companion to the host star but a radial velocity trend present in the residuals of the Keplerian planetary fit to the data. The above criteria were applied to the known stellar and planetary parameters using the data stored in the Exoplanet Data Explorer 9 (Wright et al. 2011 ). This resulted in our final list of targets which include HD 4203, HD 168443, HD 1690, and HD 137759 (iota Draconis).
The Keplerian orbital solutions for the four planets/systems along with relevant stellar parameters and references are shown in Table 1 .
Note that the HD 168443 system has two known planets and thus the Keplerian orbital solution applies to the b planet. The HD 4203 system also has two planets which are described further in Section 3. The effective search radius for DSSI is 0.05 ′′ to 1.4 ′′ . This means, for example, stars located at 30 pc have a search radius of 1.5-42 AU. As noted above, we selected stars with eccentric planets since a primary motivation is to explore the possibility of scenarios which include a perturbing body which has exchanged angular momentum from the eccentric planet. We also chose to select two dwarf stars (HD 4203 and HD 168443) and two giant stars (HD 1690 and HD 137759) to investigate these scenarios for a range of luminosity classes. Many of these criteria are summarized in Figure 1 , which shows a plot of orbital eccentricity versus orbital period (of the inner planet) for those systems which have a known radial velocity trend but no known stellar companion to the host star. The size of each data point is logarithmically proportional to the radius of the host star. The four targets selected for observations are appropriately labelled and shows that many of the eccentric planets in this population fall in the 400-1000 day period range. The HD 168443 system is an outlier in this plot and thus represents a significantly different system architecture to the other three.
AN UPDATE TO THE HD 4203 PLANETARY SYSTEM
We present an updated fit to HD 4203 b with additional radial velocities (RVs) from HIRES at the Keck Observatory (Vogt et al. 1994 ). Since the work of Vogt et al. (2002) and Butler et al. (2006) , we have monitored HD 4203 up to mid-2013. Table 2 lists the 38 HIRES RV observations. We found that the previously identified trend was due to an outer planet. HD 4203c has a period of ∼ 18.2 years and a minimum mass of ∼ 2.17M Jup . Table 3 lists the orbital parameters of HD 4203b and HD 4203c. We fit Keplerian orbits to the RV data with the RVLIN package (Wright & Howard 2009 ). We applied a stellar jitter of 4m/s Butler et al. (2006) . We derived uncertainties for the parameters using BOOTTRAN, the bootstrapping package described by Wang et al. (2012) . The combined system fit, RV residuals, and fits for each planet are shown in Figure 2 .
Because the orbit of HD 4203c has not completed, BOOTTRAN by itself could not constrain well the period, P c , and minimum mass, M c sin i c . We also treated the RVs taken before and after the HIRES upgrade in 2004 separately, which results in an offset between the two streams of velocities. In order to constrain the period and mass, we constructed a χ 2 map for the best-fit Keplerian orbits where we fixed values of P c and M c sin i c at each point in the map. We let all other parameters float, giving us a total of 10 free parameters: 5 for planet b, 3 for planet c, γ for the system and offset between the two RV streams. When the offset was a floating parameter in our fitting, we found parameters were not well constrained. Therefore we enforced a penalty for the values of offset from our fits to obtain the χ 2 map shown in Figure 3 .
We first had to determine the offset penalty term. To do so, we identified a pool of Keck stars with similar temperature and gravity as HD 4203 using ∆T eff = 225 K and ∆ log g = 0.3. Within that pool, we filtered out the stars with less than 10 observations for both pre-and post-2004 RVs. We then examined the RV curve of each star to exclude stars that have significant trend or known long-period planets. For stars with planets that are in short orbits (< 1 year), we subtract the orbital solution. We calculated the offset as the difference in mean of the pre-and post-2004 streams. This selection yielded a list of 42 stars for which we calculated the individual offsets and the weighted mean and variance of all the offsets. We plot the distribution of offsets from our list of 42 stars (see Figure 4) .
We created the offset-penalized χ 2 map from an array of 101 offset values between -10 m/s and 10 m/s. Each offset had a corresponding 50 by 50 χ 2 map. Next, we applied each offset to the series of RVs taken after 2004. The penalty term we add to each map is given
where o is the corresponding offset, and µ w and σ We selected the stars based on similarity to HD 4203, where ∆T eff < 225 K and ∆ log g < 0.3. We excluded stars which exhibited trends or are known hosts of long-period (> 1 year) planets, and stars that have less than 10 observations for both the pre-and post-2004 RV streams. We calculated the offset for each star's set of RVs and found a weighted mean of −0.68 m/s and a variance of 10.91. We overplot a Gaussian with the same mean and variance. pixel, we selected the minimum χ 2 value from the stack of 101 offsets. The minima for all the stacks made up the offset-penalized χ 2 map. We also marked contours of the 1σ, 2σ, and 3σ confidence levels (calculated as χ 2 = χ 2 min + {2.30, 6.17, 11.8}) for the 2D χ 2 distribution (Press et al. 2002) .
In addition to each of the 101 maps, we ran BOOT-TRAN. Every orbital parameter had a structure 1000 by 101 in dimension from the BOOTTRAN runs and the range of offsets. We implemented a two-level mask that first randomly excluded points less than the weight set by the offset distribution in Figure 4 , normalized to 1. Secondly, we masked out fits that returned a period of 100 years, which indicates that the fit failed. Using the mask, we created distributions of values for each parameter and determined the width, which was used for the uncertainty. The minimum mass required separate calculation, and we generated an array of M c sin i c based on the distributions of period, velocity semiamplitude, eccentricity, and mass of the star. In Table 3 , we report the uncertainties obtained for HD 4203c.
DSSI OBSERVATIONS AND DATA REDUCTION
The DSSI camera is a dual-channel speckle imaging system where each channel records speckle patterns in a different filter (Horch et al. 2009 ). A dichroic beamsplitter splits the white light that enters the instrument into two wavelength regimes, and then two filters further tailor the bandpasses to the desired center wavelengths and widths. In the case of the observations described here, the two filters used were a red filter centered on 692 nm with a 40 nm full width at half maximum (FWHM), and a near-infrared filter centered on 880 nm with a 50 nm FHWM. This set-up is the same as described in Horch et al. (2012) ; further information regarding the magnification and the technique for measuring the pixel scale is given there.
Observations for our targets occurred on 24-25, 27-28 July 2013. Each target was observed by taking a sequence of 1000 60-ms frames that were recorded simultaneously in each filter. The pixel format was 256 × 256. These data were then processed using the image reconstruction algorithms previously developed for the DSSI camera and described most recently in Howell et al. (2011) . Briefly, the method is Fourier-based; we begin by computing the autocorrelation of the data frames, averaging these, and then Fourier transforming the result. The square-root of this can be divided by the same result for a point source to arrive at the the modulus of the object's Fourier transform. We also compute the so-called "near-axis" subplanes of the bispectrum (see Lohmann et al. (1983) ), which contain information about the derivative of the object's phase in the Fourier plane. We obtain the phase using the relaxation technique of Meng et al. (1990) . The modulus and phase functions are then combined and low-pass filtered with a Gaussian filter in the Fourier plane, and the final result is inverse-transformed to give the final reconstructed image.
The goal of the DSSI observations of the objects discussed here is the detection of companion stars with subarcsecond separations relative to the target. The objects observed were found to be single to the limit of our detection capabilities with DSSI; to estimate the limiting magnitude as a function of separation from the target, we used the basic methodology described in Horch et al. (2011) , though the image reconstruction routines have been improved somewhat since that work was completed. The result is a 5σ detection curve, showing the limiting magnitude as a function of separation, generally with increasing magnitude difference limits for larger separations.
IMAGING RESULTS
This section presents the results of the imaging observations. The reduced DSSI speckle images in the two passbands (692 nm and 880 nm) are shown in Figure 5 , where the field-of-view is 2.8×2.8
′′ . The limiting magnitude curves based on these images are shown in Figure 6 . These show the magnitude difference between local maxima and minima in the image as a function of the separation from the central star. Also shown in these plots is a cubic spline interpolation of the 5σ detection limit from 0.05 ′′ to 1.2 ′′ . Magnitude limits (∆m) for stellar companions compared with the magnitude of the primary are shown for separations of 0.1 ′′ and 0.2 ′′ . These results are summarized in Table 4 . We describe these separately for each of the targets and provide a more quantitative analysis of the detection limits in Section 6.
HD 4203
HD 4203 is a V = 8.7 magnitude dwarf star at a distance of 77.2 pc (See Table 1 ). The resulting 5σ detection limits shown in Table 4 amd Figure 6 exclude stellar companions with ∆m ∼ 4.5 and ∆m ∼ 7.5 at separations of 0.1 ′′ and 1.4 ′′ respectively. These separations correspond to an exclusion range of 3.86-108.1 AU. The distance modulus for HD 4203 is -4.44. This means we can exclude the presence of M and L dwarfs at the high separation end.
HD 168443
HD 168443 is a V = 6.92 magnitude dwarf star and lies 37.4 pc from the Sun (See Table 1 ) with a distance modulus of -2.86. Based on the DSSI results described in this section, the presence of stellar companions with with ∆m ∼ 4.0 and ∆m ∼ 8.0 are excluded at the 5σ level for separations of 0.1 ′′ and 1.4 ′′ respectively. These separations correspond to an exclusion range of 1.87-52.4 AU. For this target, the detection limits close to the star (0.1 ′′ ) are ∼ 50% superior at 880 nm than at 692 nm. Additionally, detection limits at larger separations reach ∆m ∼ 9.0 for 880 nm. As with HD 4203, this excludes the presence of M and L dwarfs at larger separations.
Note that there is a single peak which is formally above 5σ located at 0.7 ′′ north of the primary in the 880 nm image but not detected in the 692 nm image. A similar peak at the same location in 880 nm images was noticed for other stars during the observing run. This was caused by a light-leak problem in the 880 nm camera which resulted in a faint reflection in the 880 nm images. A further observation of the target will confirm that this is indeed the cause of the spurious peak.
HD 1690
HD 1690 has the weakest exclusion limits of the four targets since is it a giant star at a larger distance. The star is a V = 9.17 magnitude K1 giant at a distance of ∼ 310 pc (See Table 1 ). The resulting distance modulus is -7.46. Our DSSI results provide 5σ stellar companions exclusion limits of ∆m ∼ 4.0 and ∆m ∼ 7.5 for separations of 0.1 ′′ and 1.4 ′′ respectively. These separations correspond to an exclusion range of 15.5-434 AU. This is sufficient to rule out late M dwarf stellar companions at larger separations.
HD 137759
HD 137759 is a bright (V = 3.29) K2 giant at a distance of 31 pc (See Table 1 ) with a distance modulus of -2.46. The 5σ detection limits resulting from our DSSI observations exclude stellar companions with ∆m ∼ 4.0 and ∆m ∼ 9.0 at separations of 0.1 ′′ and 1.4 ′′ respectively. These separations correspond to an exclusion range of 1.55-43.4 AU. Although this star provided the most favorable conditions for companion exclusion in terms of proximity to the star and ∆m, the intrinsic brightness of the host star limits the range of stars which may realistically be excluded. Based on our results, we can exclude the presence of M dwarfs at large separations.
LIMITS TO STELLAR/PLANETARY COMPANIONS
The results presented in Section 5 provide estimates on the upper limits of stellar companions based on the speckle images and distance moduli. Here we quantify both the upper and lower limts using the speckle data results and the RV linear trends.
The conversion of the speckle ∆m values to a companion mass involved the following procedure. Since we know the mass and spectral type of the primary (see Table 1 ), we computed the V magnitude of a possible companion as a function of spectral type and mass using the mass-radius relationship of Henry & McCarthy (1993) . The resulting ∆V values were then converted to an instrumental ∆m in the two speckle filters using the Pickles spectral library and the DSSI filter transmission curves. The instrumental ∆m values for each mass were combined with the detection limit curves shown in Figure 6 to generate the limiting mass as a function of separation.
To estimate the lower limit on stellar or planetary companions to the target stars, we convert the linear trend in the RV data (shown in Table 1 ) to an acceleration,v. The law of gravity can then be used to convert this acceleration into a mass estimate via M p = (va 2 )/G where we have assumed a circular orbit for the companion.
The upper and lower mass limits described above are plotted for each system in Figure 7 which show companion mass as a function of separation. The upper limits derived from the 692 nm and 880 nm observations are represented by the dashed and dotted lines respectively. The lower limits derived from the RV linear trend are shown by the solid lines. Anything below the solid curve is either not massive enough or not close enough to the host star to produce the measured RV trend. Thus, the region between the speckle curves and the RV curve are where a companion could exist at this point. Note that at larger separations, the 880 nm curve is always below the 692 nm curve, so the loss of speckle correlations in 692 nm for large separations is not relevant, as the 880 nm data tends to set the upper limit.
As described in Section 3, the linear trend is adequately explained by the presence of an additional planet. This is consistent with our null detection of a stellar companion over a broad range of separations (see Section 5). We can thus be confident that we have indeed detected a second planet in the HD 4203 system.
The two known planets of the HD 168443 system were discovered by Marcy et al. (1999 Marcy et al. ( , 2001 . The orbital parameters were further refined by Pilyavsky et al. (2011) along with photometric observations which excluded transits for the inner planet. The revised parameters of Pilyavsky et al. (2011) also confirmed a long-term trend in the RV data which indicated the presence of a long-period companion. The DSSI results shown in Section 5 are sensitive out to a separation of 52.4 AU. The combined upper and lower mass limits shown in Figure  7 indicates that any companion within this separation range is highly likely to be planetary in nature. We thus conclude that the HD 168443 system contains a third planet for which the orbit has yet to be fully sampled with RV data.
The planet orbiting the giant star HD 1690 was discovered using HARPS data and published by Moutou et al. (2011) . The DSSI observations exclude companions over a relatively broad range of separations: 15.5-434 AU. The combined mass limits shown in Figure 7 are sufficient to rule out low-mass stars only at large separations. Additionally, the companion would need to have a separation smaller than ∼ 20 AU in order to be of planetary mass. Thus a stellar companion to the host star could still provide a viable explanation of the RV trend over a wide range of semi-major axis values.
The planetary companion to HD 137759 was discovered by Frink et al. (2002) , and the orbit was further refined by Zechmeister et al. (2008) , whose radial velocity data revealed a linear trend in the RV residuals. Further studies by Kane et al. (2010) improved the orbital parameters and confirmed the linear trend as part of the Keplerian orbital solution. Similar to HD 1690, low-mass stellar companions are ruled out at the separation limit of the DSSI observations, but still possible at smaller separations. There have been a large number of independent studies, for example Bond et al. (2006) and Fischer & Valenti (2005) , that have consistently confirmed the enrichment of iron within giant exoplanet host stars. It is still widely debated whether the apparent increase in stellar iron content is caused by the exoplanet or whether it is prerequisite for exoplanet formation. However, the presence of giant exoplanets leaves an undeniable tracer in the observed stellar iron abundances, where many have [Fe/H] > 0.3 dex (Santos et al. 2004 ).
A NOTE ON STELLAR ABUNDANCES
The [Fe/H] content in HD 4203 has been measured by a number of different groups. The average [Fe/H] value is 0.41 dex, where the maximum variation between the measured abundances, or spread, is 0.06 dex (see Hinkel & Kane (2013) ). In other words, HD 4203 displays a classic enrichment in iron given the presence of a giant exoplanet, confirmed by multiple groups.
In comparison, HD 168443 has an average [Fe/H] abundance of 0.06 dex, with a spread in measurements of 0.18 dex between the groups. The maximum value reported was 0.12 dex by Brugamyer et al. (2011) while the lowest was -0.06 dex per Huang et al. (2005) . HD 137759 had reported similar [Fe/H] measurements by 4 groups, where the maximum was 0.13 dex (Sadakane et al. 2005; Ecuvillon et al. 2006; Gilli et al. 2006) , minimum was -0.03 dex (Thévenin & Idiart 1999) , and average was [Fe/H] = 0.08 dex. Neither of these stars shows an obvious iron enrichment, despite the presence of giant exoplanets. Finally, given the extreme distance of HD 1690, Moutou et al. (2011) was the only source to report [Fe/H] = -0.32 dex.
Out of the four exoplanet host stars studied here, only HD 4203 exhibits iron enrichment as seen in the majority of exoplanet host stars. While HD 4203b also has the smallest eccentricity, there does not appear to be any general correlation between stellar iron content and exoplanet eccentricity (Udry & Santos 2007 ).
CONCLUSIONS
The stellar multiplicity of systems which harbor planets is a subject for which our knowledge base is still evolving. Its relevance plays a role in many aspects of planetary formation and evolution. Here we have presented the results of an imaging investigation of four specific systems where at least one of the planets is of high eccentricity. In all four cases we have been able to rule out the presence of all but very low-mass stars over a wide range of separations. For HD 4203, the DSSI data in combination with Keck/HIRES data confirm that there is indeed a second planet harbored in that system. We can therefore state with confidence that HD 4203 no longer has a detected RV trend without explanation. For HD 168443, the extent of the RV linear trend and the limits placed by the DSSI results strongly imply that a third planet is the best explanation for the observed trend. HD 1690 and HD 137759 are both giant stars and so the detection limits are not quite so deep as they are for dwarfs. The DSSI results thus rule out solar-mass stars as companions to these giant hosts but leave ambiguity as to whether a massive planet or brown dwarf at a variety of separations could explain the linear trend, although low-mass stellar companions are ruled out at large separations.
The lack of detected stellar companions in all cases returns one to the original question of determining the source of the high planetary eccentricities. The presence of a wide-binary companion has long been considered as a possible source of orbital perturbation (Zakamska & Tremaine 2004; Malmberg et al. 2007; Kaib et al. 2013 ). The observations presented in this work do not exclude the possibility of a stellar companion at even wider separations that may have been the catalyst for past dynamical interactions within the system. For example, the 2MASS All-Sky Point Source Catalog (Skrutskie et al. 2006) does not reveal any sources within 10 ′′ of each target. Our results also do not take into account a passing star that may have induced a similar transfer of angular momentum. A more common approach to explaining the diversity of exoplanetary eccentricities is the occurrence of past planet-planet scattering events (Adams & Laughlin 2003; Chatterjee et al. 2008; Jurić & Tremaine 2008) . Given that we detect no stellar companions for our four systems, this appears to be consistent with "internal" planetary interactions.
Finally, we have shown the utility of instruments such as DSSI for conducting studies of the brightest exoplanet host stars to determine multiplicity. Continued observations will prove essential to understanding the multiplicity of exoplanet host stars which are closest to the Sun and thus place the formation our Solar System and the singularity of our own star in context.
